This paper reports on the development, standardization, and application of instrumental as well as radiochemical neutron activation analysis (INAA and RNAA) techniques for determining the concentrations of iron, zinc, cobalt, cesium, strontium, selenium, thorium, and calcium in food consumed in India. Based on the analysis of 20 diet samples, prepared as per the data on dietary intake patterns of an adult in four provinces of India and that of an average adult Indian, the geometric mean (GM) intake of various elements for the reference Indian man was estimated to be 15.9 (10.7-34.4) mg for iron, 8.6 (5.1-15.6) mg for zinc, 17.0 (8.3-31.4) µg for cobalt, 4.76 (2.8-11.8) µg for cesium, 1.46 (0.79-2.96 ) mg for strontium, 52.4 (35.0-130.8) µg for selenium, 0.75 (0.44-1.75) µg for thorium, and 0.35 (0.17-0.67) mg for calcium. A comparison of the daily dietary intakes of these trace elements by the reference Indian man was made with that of the International Commission on Radiological Protection (ICRP) reference man and also with the world average compiled by the International Atomic Energy Agency (IAEA). When compared with the ICRP reference man data, the daily dietary intakes of all the eight elements by the reference Indian man were considerably lower by factors ranging from 1.4 for strontium to as much as 18.0 for cobalt. However, when compared with the world average, daily dietary intakes by the reference Indian man were comparable for iron and lower by factors 1.2 to 1.9 for zinc, selenium, and calcium.
Introduction
The significance of important essential trace elements such as iron, zinc, cobalt, selenium, and calcium for human health and nutrition, as well as their use for diagnostic and therapeutic purposes has been well understood and documented [1, 2] .There is another category of trace elements such as cesium, strontium, thorium, etc. whose importance has been recently recognized because of their similarity in behavior to their radioactive counterparts, 137 Cs, 90 Sr, and 232 Th which are encountered in operations of the nuclear fuel cycle and contribute to the internal radiation dose to the occupational workers. The data on such trace elements in the diet along with the information on their concentrations in human tissues could also be useful in ascertaining the biokinetic behavior of the radioisotopes of some of these elements that may get accidentally incorporated into the human body [3, 4] . The measurement of the concentrations of the mentioned elements in food was, therefore, undertaken by the Internal Dosimetry Division, of the Bhabha Atomic Research Centre (BARC). This work was part of an IAEA coordinated research program on the reference Asian man (Phase II) to establish their database on daily dietary intake and organ content of different trace elements for the adult Indian population (reference Indian man). This paper describes instrumental neutron activation analysis (INAA) as well as radiochemical neutron activation analysis (RNAA) techniques employed for the determining iron, zinc, cobalt, cesium, strontium, selenium, thorium, and calcium concentrations in food consumed in India. The analytical methodologies were validated by analyzing four standard reference materials (National Institute of Science and Technology, Gaithersberg, Md.,USA) namely: citrus leaves, orchard leaves, bovine liver, and total diet samples. The daily dietary intakes of the mentioned elements by the reference Indian man are also reported. A comparison of the daily intake of trace elements by the Indian adult population has been made with the limited data available for the Validating the analytical methodologies for determining some important trace elements in food consumed in India
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Deo Das Jaiswal, Harmider Singh Dang, Suma Nair, and Ramesh Chandra Sharma International Commission on Radiological Protection (ICRP) reference man and with the world average, i.e., IAEA data on dietary intake obtained from 11 countries including the United States, China, and Brazil.
Materials and methods

Sampling and sample preparation
The commonly employed methods for studying the daily dietary intake of trace elements are based on the analysis of duplicate diet samples, the market basket, or the cooked total diet. The method employed for obtaining representative samples for analysis depends mainly on whether the population in the country is homogeneous and whether national statistics on the dietary consumption pattern of the country's entire population are available. The Indian population is not homogeneous in nature, yet in terms of their diet consumption patterns, the task of obtaining the representative samples was made simple because of the extensive surveys conducted by the National Nutrition Monitoring Board (NNMB) of India [5] [6] [7] , which provided dietary intake data on various food materials consumed by different Indian population groups, living both in rural and urban areas of the country. On the basis of these extensive studies, Dang et al. [8] , proposed the average daily intake of various food materials which form part of the daily diet of the average adult Indian male and female.
The consumption data on various food materials as proposed by Dang et al. [8] , for reference Indian man were used to prepare cooked market basket diet samples representing the national diet consumed by the adult Indian. The food was cooked in the main ethnic style prevailing in the country. A preliminary study showed that the average of the individual dietary intakes by the population groups from West Bengal, Kerala, Punjab, and Maharashtra provinces could represent the national consumption. In order to capture the variability in the consumption of various trace elements across the cross-section of India, the diets were prepared using data on consumption of individual food ingredients by the adult population in these provinces (table 1) . The main ingredients, such as rice, wheat, millet, pulses, jaggery etc., were procured from those provinces, but the vegetables, fruits, milk, meat, etc., although typical of those regions, were procured from Mumbai's local market.
To the cooked meal, 2.2 L of drinking water evaporated to about one-forth volume, was added and the total material was homogenized in a blender fitted with a titanium blade to avoid cross-contamination. The samples were freeze dried and powdered, and three aliquots were taken for the trace element analysis.
Development of analytical methods
A number of analytical methods such as atomic absorption spectrophotometry (AAS), spectropho- Spices  13  13  12  13  12  Meat  27  30  58  5  15  Fruits  9  20  -14  18  Oil  15  12  19  26  15  Nuts  -8  --13 tometry, inductively coupled plasma-mass spectrometry (ICP-MS), fluorimetry, etc. have been used by various workers for the analysis of trace elements in biological samples [1, 2] . However, the advantage of neutron activation analysis (NAA) over other analytical methods lies in the fact that it is a blank-free and matrix-independent method which is also adequately sensitive for the measuring elemental concentrations at sub-nanogram levels. Therefore, the analytical methods employing neutron activation (both instrumental neutron activation and radiochemical neutron activation) were developed for determining the nutritionally as well as radiologically important trace elements. Thorium and strontium were determined using radiochemical neutron activation analysis (RNAA) and iron, zinc, cobalt, cesium, selenium, and calcium were determined using instrumental neutron activation analysis (INAA). The details of these analytical techniques are given below. The important nuclear parameters such as radioisotopes employed for the determining these elements along with their half-lives, the characteristic gamma energies and the minimum detection limit (MDL) achieved, are given in table 2.
Determination of thorium by RNAA
The concentration of thorium present in the biological samples was determined using the radiochemical neutron activation analysis (RNAA). The samples were first irradiated along with the thorium standard in the APSARA reactor (swimming pool type) in a thermal neutron flux of ≈ 10 13 n cm -2 s -1 for 14 hours. The nuclear reaction taking place during the neutron irradiation is shown below: 232 Th (n, γ) 233 Th → 233 Pa β -After cooling for 8 to 10 days, allowing the decay of short lived activities of 24 Na, 42 K, 38 Cl, etc., the irradi-ated samples were digested in concentrated HNO 3 until a clear solution was obtained. 233 Pa produced during irradiation of thorium present in the sample was separated, first by co-precipitating with manganese dioxide, and then with barium sulphate. The radioactive 233 Pa was quantitatively carried along with barium sulphate precipitate, which was filtered, dried, and sealed in a polyethylene bag for counting. 233 Pa, which emits characteristic gamma rays of 311.8 keV, was measured using a 54 cc HPGe detector (M.S. Eurisys, Mesures, France) coupled to a 4K pulse height analyzer. Thorium present in the sample was quantified by comparing the 233 Pa activity formed in the sample and the standard. Further details of the radiochemical separation procedure have been described elsewhere [9] .
Determination of strontium by RNAA
The concentration of strontium present in the biological samples was also determined using the radiochemical neutron activation analysis (RNAA). The samples were irradiated along with a strontium standard in the APSARA reactor in an irradiation position with a thermal neutron flux of ≈ 10 12 n cm -2 s -1 for 1 hour. The nuclear reaction that takes place during the neutron irradiation is shown below: 87 Sr (n,γ) 87m Sr After irradiation, the sample was digested along with 100 mg of strontium and 50 mg of calcium carriers in concentrated HNO 3 . About 1 to 2 ml of 30% hydrogen peroxide was added to aid the digestion process, until a clear solution was obtained. It was then evaporated to dryness and dissolved in 1N HCl and 5ml of saturated solution of oxalic acid was added and pH was raised to 3 to 4 with ammonium hydroxide to precipitate calcium oxalate. The calcium oxalate precipitate which carries 87m Sr quantitatively, was filtered and counted for its characteristic gamma line of 389 keV. The stron- 
Determination of iron, zinc, cobalt, cesium, selenium, and calcium by INAA
The other trace elements, iron, zinc, cobalt, cesium, selenium, and calcium were determined by instrumental neutron activation analysis (INAA). The samples along with the known quantities of the standards were irradiated in a neutron flux of 10 13 n cm -2 s -1 in the APSARA for 14 hours. After irradiation, the samples were allowed to cool for 3 to 4 weeks for the decay of short lived activities of 24 N, 42 K, 38 Cl, etc. The irradiated samples and standards were then counted for 16 hours using a 54 cc HPGe detector coupled to a 4K analyzer. The iron, zinc, cobalt, cesium, selenium, and calcium present in the sample were quantified by comparison of the induced activities formed in the sample and the respective standards. The details of the nuclear parameters for the radioisotopes produced on neutron irradiation of these elements, their half-lives, and minimum detection limits achieved by using INAA can be found in table 2.
Results and discussion
The development and subsequent validation of the analytical methodologies forms an important feature of the study as the trace elements studied were present in extremely small concentrations (micro and sub-micro levels) in the diet samples. After the development of the analytical methods for iron, zinc, cobalt, cesium, selenium, calcium, thorium, and strontium, these methods were put to test by analyzing the standard reference materials obtained from the National Institute of Science and Technology (NIST) (Gaithersburg, Md., USA). The agreement between the concentrations of these elements in the reference materials obtained in the present work with the certified concentrations was quite good as is seen in the table 3. Table 4 shows the mean, geometric mean, and the range of daily dietary intakes of the eight elements by the reference Indian man (adult male). Daily dietary intakes of iron, zinc, cobalt, selenium, cesium, strontium, thorium, and calcium were obtained by multiplying their measured concentrations with the total weight of the diet. The minimum and maximum intake values were for the groups from Kerala (southern India) and Punjab (northern India), respectively. It is important to mention here that the staple food in Punjab is wheat and in Kerala it is rice. Wheat had higher concentra- a. IAEA data is based on the preliminary results of intake received from 11 countries including the United States, China, and Japan (TEMA- 7, 1990) .
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